Abstract
Research Guo-ming Luan patients with drug-resistant focal seizures of suspected temporal lobe origin or temporal origin with extratemporal EPs, who were candidates for epilepsy surgery, but required diagnostic depth electrode studies because results from noninvasive tests were inconclusive.
All patients had a comprehensive evaluation including detailed clinical history, neurological examination, neuropsychological testing, magnetic resonance imaging (MRI, 1.5T Philips MR scanner), scalp electroencephalography (EEG), semiology evaluation, 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET) and SEEG. MRI protocols included axial T1-and T2-weighed sequences, axial T2 FLAIR sequence, coronal T2-weighed sequence, coronal T2 FLAIR sequence (hippocampal scan), and sagittal T2 FLAIR sequence. Patients were selected for the present study if they satisfied the following criteria: (i) absence of any detectable lesion at mesial temporal lobe on MRI, with the exception of hippocampal sclerosis (HS); (ii) no history of epilepsy surgery; (iii) SEEG recordings showing that seizures involved at least mesial and/or neocortical temporal lobe (MTL/NTL) structures; (iv) surgery performed according to SEEG results, taking into account anatomical constraints, and (v) at least 1 years of postoperative follow-up. According to the criteria, forty-three patients with drug resistant atypical TLE were selected from a series of 180 cases. Five to sixteen (median=12) multilead electrodes were implanted per patient, in temporal and extratemporal areas depending on the suspected origin and region of early spreading of seizures.
The seizure-onset zone (SOZ) was defined as the depth electrode contacts showing the first unequivocal ictal intracranial EEG change. Seizure EP was defined as a clear seizure discharge, starting 0.5-3s after seizure-onset and recorded outside the SOZ [1] .
The candidates were divided into four groups depending on the participation of the temporal regions at seizure onset and extratemporal EPs: (i) MTLE (n = 23): the patients with seizures that initially involved the MTL; (ii) MTLE+ (n=5): the patients with seizures that initially involved the MTL and early spread outside the temporal lobe within 3 seconds; (iii) NTLE (n =10): the patients with seizures that initially involved the NTL; (iv) NTLE+ (n=5): the patients with seizures that initially involved the NTL and early spread outside the temporal lobe within 3 seconds.
Introduction
Epileptogenic zone (EZ) represents the minimal amount of cortex that must be resected (inactivated or completely disconnected) to achieve seizure freedom [1] . Therefore, the relationship between EZ and extent of surgical resection is a key factor to determine the prognosis. Obviously, temporal lobe epilepsy (TLE) is the most common type of pharmacoresistant epilepsy in adults, and frequently successfully treated by surgery [2] . The reason may be that the EZs in most of them are within the extent of anterior temporal lobectomy (ATL) which is the most established neurosurgical procedure for TLE.
However, although it primarily affects the temporal lobes, TLE is thought to be a network disease with widespread extratemporal effects [3, 4] . The spectrum of TLE includes many subdivisions, from the focal mesiotemporal subtype, the temporopolar subtype, the mesiolateral subtype, the lateral subtype to the widely extended temporal plus epilepsy (TPE) subtype [5] . The patients with the EZs localized in the anterior temporal lobe may have better clinical outcomes after ALT, but those with TPE may not have [6] .
There are many studies analyzing the relationship between invasive EEG ictal onset patterns (IOPs) and surgical outcomes in TLE [7] [8] [9] [10] . The extent of EZ cannot be accurately estimated by IOPs alone, and the analysis on extratemporal early propagations (EPs) is more important to identify EZ boundaries in patients with atypical TLE. Stereo-electroencephalography (SEEG) has proved to be more suitable for this analysis, however, if the electrodes are not covering the right areas, the final results may be misleading [7] .
In this study, we aimed to investigate IOPs, extratemporal EPs and inner relationship between them based on SEEG recordings in the patients with atypical TLE, and to determine their impact on seizure prognosis and cognitive outcomes after epilepsy surgery.
Methods
The study was approved by the ethics committee of Sanbo Brain Hospital, Capital Medical University, Beijing, China, where it was carried out from May 2015 to December 2016. 
Patients

Subjects for this retrospective study included
SEEG Recordings
The SEEG exploration was performed using intracerebral multiple-contact electrodes (Huake-Hengsheng Medical Technology, China; 8-16 contacts, length: 2 mm, diameter: 0.8 mm, 1.5 mm apart) placed intracranially with the aid of a stereotactic ROSA robotic device (Medtech). The SEEGs were recorded using a common reference electrode (Nicolet TM system; 128-channels; sampling rate: 512Hz) [11] . The SEEG recording was carried out during long-term video-EEG monitoring in order to record several of the patient's habitual seizures, following complete or partial withdrawal of antiepileptic drugs.
A multidisciplinary team (MDT) discussion was then held for each individual, after enough seizures recorded (at least 3-5 seizures), to discuss the results and implications of the SEEG study and to decide collectively on a plan for resection. Subsequent to this meeting and approximately 8-12weeks after removal of the SEEG electrodes, patients underwent a standard craniotomy for tailored resection of the hypothetical EZ.
Seizure Analysis and Cognitive Evaluation
An expert electroencephalographist analyzed all the habitual seizures for the identification of the SOZ. In addition, recordings were chosen at least 2 days after the electrode implantation surgical procedure in order to limit possible effect of the general anesthesia. Post-operative seizure outcome was evaluated by Engel's classification.
Cognitive function evaluation was performed according to Wechsler Adult Intelligence ScaleRevised in China or Wechsler intelligence scale for children-Revised in China (WAIS-RC or WISC-RC) and Wechsler Memory ScaleRevised in China (WMS-RC) before surgery and 1 year after surgery [12] . The antiepileptic drugs were not changed between the two evaluations.
Statistical Analysis
Statistical comparisons were made using Fisher's exact test or χ2 tests for categorical variables. Significance was accepted where p <0.05.
Results
Demographic Data and Seizure Clinical Semiology
The population consisted of 24 males and 19 females, aged 12.2-39.4 (mean: 24.4±6.9; median: 24.2) years. Epilepsy onset age ranged from 1 to 31 (mean: 12.1±7.3; median: 12.0) years old. Eight patients (35%, 8/23) with MTLE, none with MTLE+ (0%, 0/5), 1 patient (10%, 1/10) with NTLE, and none with NTLE+ (0%, 0/5) had experienced febrile convulsions in childhood ( Table 1 ). The patients with MTLE had higher rate of febrile seizure than the other patients (χ 2 =4.075, p=0.044).
Seventy-four per cent of patients with MTLE (17/23), 40% with MTLE+(2/5), 60% with NTLE (6/10) and 100% with NTLE+ (5/5) had epileptic auras. Altogether, auras of varying types were experienced in most of the patients (30/43, 70%). The most common aura in MTLE and NTLE was fear (29%, 5/17) and auditory (67%, 4/6), respectively ( Table 2) .
MRI Findings
Three patients with MTLE (13%, 3/23), 2 patients with MTLE+ (40%, 2/5), 5 patients with NTLE (50%, 5/10) and 2 patients with NTLE+ (40%, 2/5) had negative MRI. The patients with MTLE had lower rate of negative MRI (χ 2 =5.430, p=0.020). HS was identified radio-graphically and later confirmed pathologically in 17 cases with MTLE (74%, 17/23) and 0 cases with the other three types of TLE. One case with MTLE and 1 case with NTLE showed HS on MRI but it could not be confirmed pathologically. One case with MTLE+ showed pathological HS, but not identified radio-graphically.
Ictal Onset Patterns and Histopathology Findings
Four seizure-onset patterns were identified in the 43 patients (Figure 1 ): low-voltage fast activities (LVFA: 12 cases, 28%); low frequency highamplitude periodic spikes (LFPS: 11 cases, 26%); spike or polyspike fast discharges (SpFD: 15 cases, 35%); spike-or sharp-and-wave rhythmic activities (SpRA: 5 cases, 12%). The distribution of IOPs in the types of TLE and the distribution Research Guo-ming Luan Table 3 and Table 4 , respectively.
Extratemporal Early Propagations
There were 10 patients with extratemporal EPs after seizure onset. In the 5 MTLE+ patients, there were 4 with insular EPs and 1 with occipital and cingulate EPs; in the 5 NTLE+ patients, there were 1 with insular EPs, 1 with frontal EPs, and 3 with parietal EPs. Only 1 patient's extratemporal EP leads were included in the extent of resection (Table 1) .
Seizure Outcomes
Our results showed that 87% (20/23) of MTLE patients were in class I (Ia: 61%, 14/23), whereas only 20% (1/5) of MTLE+ patients were in class I (Ia: 20%, 1/5); 70% (7/10) of NTLE patients were in class I (Ia:70%, 7/10), whereas only 20% (1/5) of NTLE+ patients were in class I (Ia: 20%, 1/5 Seven habitual seizures which were manifested as the first type of seizure were available for review, and the ictal onset patterns were diffused. MRI was negative, and inter-ictal FDG-PET showed decreased uptake in the bilateral temporal lobes (Figure 2A) . The full intelligence quotient (FIQ) was 82, and the memory quotient (MQ) was 73. Sixteen electrodes were bilaterally implanted. All the seizures originated from the amygdala and hippocampus, and early spread to the cingulate and occipital gyrus ( Figure  2B) . A selective amygdalo-hippocampectomy was performed, and hippocampal sclerosis was identified pathologically. However, the patient had to undergo re-operation 9 months later, including the whole hippocampus and most of basal temporal and anterior temporal lobes (still not including the extratemporal EP leads), since
Cognitive Outcomes
The improvement in postoperative FIQ and MQ scores was related to the seizure outcomes.
In the Engle's class I group, the patients with LFPS showed more significant improvement in MQ but not in FIQ than those with other IOPs (Table 5) .
Seizure Prediction
Combining 3 conditions, it was possible to predict the surgical outcomes of the patients with atypical TLE: i. the IOP of the patient must be one of the LFPS, LVFA and SpFD (n=38); ii. no extratemporal EPs within 3s or all the leads with extratemporal EPs within 3s must be included in the extent of resection (n=34); iii. all the onset and intratemporal EP leads must be included in the extent of resection (n=38). The number of patients who fitted into all the above-mentioned conditions was 29. We hypothesize that if a case fits into all the three conditions, better clinical outcome will be predicted. The sensitivity and specificity were 90.0% and 78.6% for Engel's class I, and were 87.0% and 55.0% for Engel's class Ia. The positive and negative predictive values were 90.0% and 78.6% for Engel's class I, and were 69.0% and 78.6% for Engel's class Ia (Table 6) .
Case Example
Here, we presented a case (patient TSY) with extratemporal EPs, who underwent operations seizures recurred rapidly, which were manifested as blurred vision and blank stare once a month ( Figure 2C ). This kind of seizures occurred 3 times in 2 years after the second resection. The FIQ was 90 and the MQ was 79 one year after the re-operation.
Discussion
It is clear that the notion of focality is too simplistic to suit the variety of temporal lobe seizure generators, and the concept of 'epileptogenic network' has been developed to account for the complex spatial organization of several distinct cortical areas generating seizures [5] . On this basis, we aim to analyze anatomoelectrical features of IOPs and extratemporal EPs in atypical TLE, and to evaluate their impact on the seizure status and cognitive outcomes after surgery.
Grouping Method
Here we use the group names of MTLE+ and NTLE+ which are not completely the same as the concept of TPE posed by Ryvlin and Kahane [13] . They used TPE to indicate both an ictal discharges originating simultaneously from the temporal lobe and the neighboured extratemporal structures, or two coexisting seizure types in the same patient, with temporal and extratemporal ictal onset, respectively [5] .
Ictal Onset Patterns in Atypical TLE
The relationship between IOPs of intracranial EEG and surgical outcome in atypical TLE has been analysed in several studies [8] [9] [10] . IOPs may be related to pathology of epileptogenic lesions [9, 14, 15] ; hence, it can be regarded as a predictor of prognosis. Histopathological analyses demonstrate a strong association between mesial temporal sclerosis and LFPS, especially in severe cases. LVFA may not be always associated with abnormal histopathology in neocortical temporal lobe, and it can be shown in mesial temporal lobe, even in normal histopathology regions unrelated to EZ [14] .
LFPS and LVFA are two separate ictal depth EEG onset patterns often recorded in presurgical patients with MTLE [10] . In fact, SpFD can be often found in MTLE, too [16] . In our study, LFPS (11case) was only observed in the patients with MTLE, and highly associated with HS (more than 80%); SpFD (7 cases) was more common than LVFA (3 cases) in MTLE group, and the latter pattern (8cases) was more common in NTLE/NTLE+ group. In addition, an atypical onset pattern, SpRA (5cases) was found in all four TLE groups, and it indicated unfavorable prognosis [1] .
Extratemporal Early Propagations in Atypical TLE
Out results showed that the atypical TLE patients with extratemporal EPs had worse seizure prognosis after epilepsy surgery. We defined EP as propagation within 3 seconds because most of the studies showed that a dividing line of 3 seconds could predict the surgical outcome well. Talairach and Bancaud thought that an "early" or a "late" SEEG change cannot be assessed in terms of either seconds or tens of seconds [17] . However, "early spread' proved to be useful in clinical application [18] . Stimulation elicited enhanced gamma band activity at early spread sites, which was highly coherent with the onset zone [19] . Latencies of spread maybe related to the degree of integrity of inhibition in these areas, with early spread as a possible indicator of secondary epileptogenesis [20] .
Our results showed that there were no extratemporal EPs after the onset of LFPS. This has been proved by Perucca, et al. who noted that LFPS was seen as a propagation rhythm in mesial temporal sclerosis. By comparison, the LVFA and <13 Hz sharp activity were seen in regions of seizure spread across all regions [1] . In addition, we found that the extratemporal EPs after the onset of SpFD were similar to that of LVFA. SpRA may not be the real 
Seizure and Cognitive Outcomes
According to the previous studies about surgical outcomes in TLE [6, 21] , our opinion was that prediction of seizure outcomes after surgery can be phased into two stages: the noninvasive stage and the invasive stage. As the ictal onset and EP are very difficult to distinguish, outcome prediction in the intracranial EEG stage is complicated among some patients.
Most of the studies predicted seizure outcomes in the TLE patients combining many factors, including medical history, seizure semiology, and imaging, scalp EEG, invasive EEG, extent of resection, and histopathology, etc. We only selected three conditions related to IOPs and extratemporal EPs for seizure outcome prediction. This method is very easy to apply; however, its predictive validity should be tested in further clinical practice. Moreover, comparison of the two predictive methods in the noninvasive and invasive stage may be further investigated in future. We have noted that some MTLE patients with LFPS still had auras after operation, which gradually decreased over the time. This may help explain why it is better in the prediction of Engel's class I but not Ia.
The improvement in MQ and FIQ was closely related to better clinical outcomes in patients [22] . However, after excluding the influence of better prognosis, we found that the patients with LFPS had more significant improvement in MQ but not in FIQ than those with other IOPs. We think that the IOPs and extratemporal EPs should be associated with the cognitive outcomes after surgery. The EEG onset of LFPS is not easy to spread outside MTL which is associated with encoding, storage, and the retrieval of long-term memories. The abnormal epileptic discharges sustainedly localize in the hippocampus, which has shown serious impairment in histopathology and function. Two recent studies showed that the memory of the patients with MTL might be improved after surgery, which was more obvious after right-sided surgery. However, these improvements might be not statistically significant. Instead, the patients demonstrated improved frontal lobe-related cognitive function after surgery [23, 24] . We think that it may be caused by a mix of the types of IOPs and EPs in those patients. Further studies are required to analyze the relationship between IOPs, extratemporal EPs and cognitive outcomes in TLE.
Limitations
There are a few limitations in the methodology of this study. First, it was a retrospective study, in which the designs of electrode implantation were not so perfectly standardized. Second, the follow-up data during the past 2 years (2015-2016) of census were not available in 28% of patients; hence, the results of this study need to be confirmed by a long term follow-up.
Conclusions
The determination of the epileptogenicity of brain regions potentially involved in seizure generation is a crucial pre-surgical work in the patients suffering from 'atypical' TLE, even if the patients underwent the intracranial EEG recordings. In the current study, three conditions related to IOPs and extratemporal EPs in the SEEG recordings were combined to predict seizure outcomes. It can be easily used, and is better in outcome prediction in the Engel's class I group but not in the class Ia group. The patients with LFPS showed more significant improvement in MQ but not in FIQ than those with other IOPs.
In brief, IOPs and extratemporal EPs are closely related to seizure status and cognitive outcomes after epilepsy surgery in atypical TLE patients.
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